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ABSTRACT

Previous walking studies are reviewed to determine methods of
investigation. A description of normal walking is included for definition
and as a basis for comparison of the low gravity gait. Walking behavior
can be analyzed by motion methods or by force methods. Motion analysis
is sufficient to quantitatively describe the low gravity gait, but a force
analysis is needed to establish the reasons for the degradation of the
walk. The construction of a force-measuring walkway is proposed, but
was not completed. Alternatively, a motion picture (time-displacernent)
walking experinment was conducted at various artificial gravity levels in
an ahcra ft flying parabolic trajectories. Two subjects walked fore and
aft on a floor-marked distance scale. Successive lowering of the gravity
level from 1 .0 g to U. I g produced the following effects. The subjects
maintained within 10 percent of their |tormial l-y velocity to gravity
levels of 0.25 g or below. 'The most consistent effect of the reduction
of gravity was the increased swinging tinme of the leg, which varied
inversely as the sixth root of the gravity level. The increasing swing-
to-support ratio indicates the decreasing control of progression, and
lhads one to describe the low-gravity gait is "a last walk in slow
Motion." TIhe discontinuity In the performalnce curves in the region of
0. 2 g tends to substantiate previous estimates of the lower gravity
limit for walking.

PUBLICATION REVIEW

This technical documentary report is approved.

WALTER F. GRETHER

Technical Director
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I. tit rodu ction

Subject and Purpose

The subject of this study is the walking performance of a man

untder the cond it iou s of reduced gravity. T he pu rpo se is to objec -

tivel y det'e r nIi in his to pabil it its and to qua ntitativ ely describe his

perfori-ifanl'ce.

Subject B~a ckground

Lnk-umibretl by at spaco suit and( other lif - support equipment,

it is uinli ke'ly that the astronauts, like the rail road imen of ot~ , w-ill

be "dancinug onl the "ai Ti hat is, at lea st not volunta rily. BL~t the

(I siols, ''WAill he bet ku
the to wvalk? a nd it' So, '1 low well? 1' reia inl

"uhanswt red. InI the tiva r t~utire Ole Apollo mis sion wvillI requi re thlat

thet astronaut viln'rgt fromm his litidiig N'CllicLA anld V.alk about Oti the

surtit'e of, the mulonl. In fact, unltil lunlar roving vehlicles are avail-

able, the p r imnary meanus III ltwo)moid on oni INl, moon will be no rmnal

walking.

Lunar wailkin~g will be only the first of' tile requiremenvits for

m-ra i to walIk inl space. Du~ti es ;ihoa r nimanned orbital spate stations

;ond explorat ion of the IWO a 1) p;iit'ts will undloubte'dly require m-lan to

walk ini a var iet y ofI gravity fields . Th les e 1 eqtiiterent s, coupled



with the lack of existing subject knowledge, establish the need for

this investigation. The basic assumption that it is desirable to

learn as much as possible about man's capabilities before he is

placed in an adverse environment provides the motivation for its

continuance.

This study is concerned with the effvct of the reduCtion of

gravity on man's walking performance. The initial objectives of the

study are as follows:

1. To describe in quant ita\ive terms the walking performance

that is p)o.sibl al reduced gravity levels,

2. To deCrnmilne tlieh lower 1ilit At which mai can walk

unaidod, and

3. lo determine Ihe reasons for inan's relative failure or

success in walking.

"Ibis study is limited to mnan's capabililies in a "shirlsleeve"

environmnent under thc influence of gravity levels bet ween 0. 1 g and

1.0 g. No attempt is made to evaluate walking performance in the

absence of gravity, that is, under pur ely "weightless" conditions.

Emphasis is placed on describing the dynamics of the gait rather than

on the biological phenomena within the body that produce this motion.
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The approach is primarily experimental. Because of the complexity

of walking, mathematical analysis is used to explain only certain

facets of the gait rather than to derive the whole walking performance.

This investigation is of a preliminary nature ancT serves as

a guideline for future study.

Development

The problem of describing man's walking performance under

reduced gravity conditions is approached in three phases:

1. Description of normal walking

2. Selection of an expcrimental approach

3. Experimental evaluation of man's walking performance.

As an introduction to the three phases of this study, Chapter II

is devoted to a review of previous walking studics. The more signifi-

cant findings of previous researchers are noted along with a description

of the techniques by which they attained their results. A more complete

description of the merits and objectives of other experimental methods

completes the chapter.

In accordance with the first phase of this study, a description

of normal walking is presented in Chapter III. This description was

deemend necessary to define terminology, to establish the character-

istics of the gait that are significant to this study, and to provide a

basis for comparison of the low-gravity gait.

3



Based on the available experimental techniques listed in

Chapter I1 and the significant characteristics of the gait that are

presented in Chapter III, a force measuring walkway is proposed

in Chapter IV as the best means for measuring the low-gravity

walking performance. However, delays in material procurement

precluded itS use in the prCesent study.

A motion analysis technique was conceived as an alternate

approach. lvawluation of' low-gravity walking perform!lnne by means

of a tini'-displaceient walking experiment is presented in ('hapter V.

,in LI, '5y 0 soe10 toLi'(l) ulig r 'nIIH-ks A)ou the, O bjectiveVs of

the study and r'conu .-n.L't ftlioii for f'lutre work are givell ill

C:hap.hr Vl.
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II. Previous Studies of Walking

Normal Walking Studies

Although walking behavior has probably been studied for

centuries, the first significant information dates back approximately

one hundred years. The scope of these studies has ranged from a

dynamincs problem in classical mechanics to the correction of patho-

logical walking behavior in the field of medicine. Certain of these

works are generally accepted as milestones in the historical account

of walking studies, and will ther(fore be mentioned here.

In 1836 the Weber brothers in Germany reported on anatomical

studies on Cadavers and on living subjects. In addition to determining

the vertical center of gravity of the body, they prustcutled a theory

of walking and running in which Ihey conchlided that the swinging pha sC

of the gait is a pendulum motion only, and does not depend upon

mxuscular action. This theory gave rise to mu'ch disc'ussior by other

investigators, but was later repudiated by Brauno, and Fischer,

Marcy, and others (Ref 6:A- 3).

Muyhridge, in 1882, made plhotographic studies of the paces

of the horse. Although onie purpose of the study was to decide a bet

as to whether all four legs w\vre ever off the ground simultaneously,

the study is significant because it was probably the first time that



photography was used in the study of locomotion (Ref 6.A-6).

Between 1873 and 1895 in France, Marey's studies led to

two important investigative techniques. The first innovation was the

use of pneumatic cells (or "tambours") for the objective recording of

forces and motion. Marcy's greatest contribution, however, was

the development of chronophotography - a technique by which

successive exposures are made on the same photographic plate by

means of a rotating mechanism within the camera (Ref 6:A-6).

Braune and Fischer, in 1890, determined masses and centers

of gravity of the body and its various segments hy measuring and

dismembering c€adavers. They established the first table of coeffi-

cients that related the dimensions and masses of the body segments

to overall height and weight (Ref 6:A-8).

Later, between 1898 and 1904, Fischer published six volumes

concerning the human gait. 13y use of four chronophotographic

cameras simultaneously to photograph miniature gas tubes located

at specific body points, he was able to record the displacements of

the body during 31 phases of the double step. The results of his

detailed motion analysis indicated that the leg swing is not purely a

pendulum motion, but that it also depends on muscle action. "Fischer's

Der Gang des Menschen (Human Gait) is considered the classical work

on gait!(Ref 6:A-10).
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Between 1928 and 1936, Bernstein in Moscow repeated and

expanded Fischer's experiments to include additions of mass to the

body and also to study the effects of fatigue on locomotion (Ref 6:A-17).

Steindler, in 1935, published a comprehensive work on the

mechanics of locomotion, primarily for use as a basis for the analysis

and comparison of pathological walking gaits. The description of

normal walking contained in this book (Ref 19:348-386) wa.s used

extensively as a reference during the early stages of this investigation.

Since 1945, much work has been sponsored by the National

Research Council directed toward the improvement of the design and

operation of artificial limbs. Although several universities (Refs 6, 8)

have participated in this project, researchers at the University of

California Biomrechanics Institute (formerly the Prosthetics Devices

Research Project) have published the most comprehensive study of

normal walking (Refs 1, 3, 6, 14, and others). These reports were

referenced extensively during the later stages of this investigation.

Low-Gravity Walking Studies

Personnel of the Crew Stations lBranch of the Aerospace Medical

Research Laboratories, Wright-Patterson AFB, Ohio, have conducted

two zero-gravity walking programs and several low-gravity walking

7



experiments aboard aircraft that were flown through Keplerian

trajectories to produce periods of weightlessness. Because man can

not walk unaided at zero-gravity, special footwear was designed for,

and was the subject of, the zero-gravity tests.

A study of magnetic- shoes was conducted during 1959.

Although the magnets provided sufficient vertical force to hold the man

to the surface, walking was impossible because the metal-to-metal

friction of the magnetic sole against the surface was insufficient to

permit the subject to develop the necessary fore-and-aft shear propul-

sive forces. Several imlproved designs of magnetic shoes have since

be,, proposed, but have not been tested under weightless conditions

(I1 ef 18).

A subsequent test was mnatde using Velcro material on the shoe

soles and on the walking suor face (Ref 17). Although the Velcro shoes

provided th1 neccssary holding ittd shear forces, walking was

possibhle but still difficult. Thhe absence of the gravity acceleration

to aid body and limb rotation requires that sonie innscles mu t1ist perform

functions for whitch they are ill-fitted. Foor examplu, forward body

rotation must be accomplished by the prc-tihial rnus'clI group which

must reverse its no rmnal restraining atclion and musl instead pull the

shank of the leg forward about the ankle.

8



Although these tests provided information applicable to the use

of Velcro and magnetic devices in other space applications, the

necessity for special walkway surfaces and shoes in space applications

degrades their practicality as an aid to walking. In a weightless state,

locomotion near a surface will probably be performed, more easily,

either by soaring or else by pulling one's self forward hand -over -hand

along a series of recessed handhiolds.

An additional low-gravity walking expe rimenot was peCrformed

during 1961 to deterniine the lower gravity lim-it at which mall call still

walk. B3ased uipon the, obswc vatio of only one subject , t he lower I init

for acc eptablet walking was determinled to hie inl the imiglibo riood of

0. 2 g (Ref 10:19). Later tests have shown that in an (,ilStill wvall, at

lunar g rayvity (0i. 17 g) . H owever, al LIh eso exep rimie t 8 hav( heen

qualitaivei nature, and haive provided no quantitative dies cript ion

of walking perfor mmance at. thes e gravity Ilyvels.

Experimental Methods and Inst rumentation

1•nowlemdgc' of the. 1el at ion ship bet wecen the forces acting Onl thle

body and the r es ulting bod y nim~nivmnt s is fmndam ental to thc uinder-

standing of lo comnotion. Inst runien tation t echniqUc S that have beenl

Used to obtaini this inlformIation c-an be divided into two groups: inbt rui -

17 Vntationl for rnin ion analysis, and inst runmnent ation for forct- analysis.



In addition, mention will be.made of some previously used walkways.

Instrumentation for Motion Analysis. Most motion studies

have been recorded by photographic techniques ranging from still

photography to high speed motion picture photography. Motion

pictures provide an excellent means of recording motion. By simul-

taneously photographing a timing device (or by counting frames) the

recorded displacements can be plotted as a function of time and the

velocity and acceleration of selected points can be determined.

Often some form of photographic targets, such as black dots on

white tape, are fixed on the skin at body landmarks to facilitate data

reduction. In some studies of leg segment transverse rotations,

long statinless steel pins were imbedded into the various bones to

mechanically amplify the small rotational displacements (Ref 9:859)

(see "Body Axis System, " Chapter III, for an explanation of the body

axes, orientation planes, and transverse rotations).

An improved method of chronophotography called the method of

inicrrupted lights has been found useful for obtaining "stick" diagrams

of the walking displac ements. Small ophthalmic lights, powered by a

hand-carried battery, were attached to the subject at joint locations.

The subject walked in a darkened room in front of the camera whose

view was interrupted 30 times a second by means of a rotating disc.

10



The resulting photograph showed the location of the selected points at

specific time intervals, and made possible an accurate determination

of velocity and acceleration (Ref 6:Chapter 1).

Linear and angular accelerometers have been attitchcd to the

subjects in some motion studies to provide a means of checking the

accuracy of the photographic reduction process. It was found that the

accelerometer data required more reduction time and was less

accurate than the data obtained by photographic reduction (Ref 3:1127).

Information on joint angles during motion has been most

easily obtained by the use of clectrogons (Ref 5, 7). The electrogon

is an electrical potentiometer that indicat cs the relative angle between

two adjacent segments when it is strapped a'ross a joint, rhe

oscillograph recording is called a goniogram. Although electrogon s

have been used primarily for recording knetO and ankle movements

during walking, sore(! athletic motions were also measured. For

example, the elbow angle at the instant of baseball release by a

profvssional pitcher was dlcermined wo be 1020 - much less than the

presumed 180' (Ref 7:10).

Instrumentation for Force Analysis. The direct measurement

of walking forces requires a data sensor (or transducer) and a

recorder. An oscillograph is generally used to record the electrical

signals from the transducer.

11



Small resistance and capacitance force discs have been

placed on the soles of the feet to record pressure patterns during

walking. Because the foot contact area and spatial orientation are

continually changing, the oscillograph tracings do not indicate the

total force onl thle foot, but only indicate the degree of weight bearing

by each disc. No attempt has been made, to obtain quantitative force

inform-ation by this m-ethod. The pudlogram is (or ''electrical foot-

prints"') obtained were used chiefly to compare norm-al and abnormal

gaits (Ref 16:203-Z14).

Force Plates have been used hin st-vt-ral investigations for thle

direct ineasurement of the surface reaction forces (R efs 6. 1.1, 16).

T'he force plates u sually consist of a surface deck \vbi ch is supp)Iorted

by s Irainl-gageld ca uti lever beams8 or columlns. Proper ( c sign of the

beams or colm itis pc rmit s a crm a to in e~ sorem cots to be nlade of the

fo rces and mioments about any of three atxes sfintita n coosly. Ogc-ille -

graph tracings at it known paper speed p rovidle force ver sus timec data.

Strain-gaged pylon s have been in ser ted as the structural

memiber ini the shaniks of a rtificial legs (Ref 6: Clapt er 7). The pyloni

method has the uniique advanitage that it, meaIsures leg foc res and

moments during the swing as well as during stance.. However, its

application is limited to ampu)LteeS, and will niot be further corisidcred

here.

12



Phasic muscle activity has been successfully recorded by the

use of electrornyographic techniques. The action potentials of the

muscles are picked up by surface electrodes, are amplified by a

modified electroencephalograph, and are recorded by an oscillograph.

Although this technique gives only qualitative information concerning

the forces generated within the mu scles, the period during which the

muscle is acting is precisely determined,

Walkways. Mention should be made of some of the previously

used walking surfaces. Some walkways consisted of little more than

the floor or an olie'atecd platform (~u fs 5:iii, 9:860). A distance scale

(spaced pegs or fluor mi*arkings) was usually included to facilitate

photographic reduction. In addition to level walking su rfaces, work

and energy studies hwVC often been perk)orniVId by having the subject

ascend or deskend a ramlp or stairs,

'Treadmills have been used in many laboratory tests of walking

(Ref 5:iii). They are particularly useful when it is desired to control

the walking velocity and/or su1stailn th' walk over a considtrale dlura-

tion. The proximity of a heavily instrt urnented subject to the recording

equipnotnt is often a distinct advaintage, especially during evaluations

of body in tabolismn during walking.

Ccrtain of the above techniques have been used concurrently

during some tests. Perhaps the most comprehensive results were

13



those obtained by researchers at the University of California, who

made a three-dimensional motion picture study of subjects walking

on a long glass walkway into which was imbedded two force plates

(Ref 6:Chapter 8).

14



III. Description of Normal Level Walking

The human walkI consists of alternate periods of support and

swinging motion by each leg, with the end effect of progressive trans-

latory motion of the body. The bipedalism peculiar to man requires

that the legs alone must assume the functions of support and pro-

pulsion, as follows: in alternating play one extremity is placed to

the ground in an oblique direction in a flexed position. Then, by

sudden extension, it imparts to the body center of mass a propulsion

forward and upward. At the same tirrie, the other leg swings forward

so that, in order to meet the downward tendency of the body path, it

may effect a restraining action at the moment when it has finished

its swing and is again set to the ground (Ref 19:355). The legs alter-

nate in these events in such a way that the supporting phase of one

leg largely coincides with the swinging phase of the other.

Phases of the Walking CZcle

The time that a foot is in contact with the ground is called a

support phase. This is shown in Fig. 1. The support phase begins

t Walking, as used in this report, is contrasted from running,

jumping, sprinting, or soaring, by the requirement that at least one

foot must be in contact with the surface at all times.

15
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at the moment the heel is set to the ground and ends with the "takeoff,"

i. e., the moment the big toe leaves the ground after the deploy of the

foot. The swing phase begins when the toe leaves the ground to

swing forward, and it ends at the moment when the heel again strikes

the ground. The period (luring which one limb accomplishes the

above two phases is called a double step. The distance covered during

this period is called the stride.

In walking, the time of support is longer than the swinging time.

Finley and Karpovich determined that the ratio of swinging time to

support time varied from 0. S to 0. 8 for normal subjects (Ref 5:7).

Because the swing-to-support ratio is less than one, there are transi-

tional periods when both feet are in contact with the surfare. These

are known as periods of double support. At average walking speeds,

the ratio of the period of double support to the period of single support

is about 4:10 (Ref 19:358). (This corresponds to a swing-to-support

ratio of 0.55.)

The swinging leg is often co-npar i'd to a pendulumn. As stated

in Chapter II, the Weber Brothers concluded that the swinging phase

of the gait was a "pure" pendulum motion and did not depend upon

muscular action. By later experinments and analysis, Marcy, Fischer,

and others repudiated this theory and acknowledged the presence of

17



other factors. The accuracy of the approximation is improved by

further restriction; for example, the leg may be described as a com-

pound physical pendulum. The analysis on this basis, however, is

complicated by the facts that the leg is attached to a moving support,

the distribution of its mass segments and their respective distances

from the moving support changes as the leg is shortened by joint

flexion during mid-swing, and tile internal moments that are created

by the muscle forces are both nonlinear and time varying. Knowledge

of the magnitudes and the time variation of all these factors is essen-

tial for the computation of the motion of the swinging leg. Thus, the

swinging leg must only be con8idered as a unique physical system

which is acted upon by the various forces and norrments and is con-

strained to definite boundary conditions and the path of the moving

support.

Despite the restrictions that are necessary for a rigid mathe-

matical analysis, the motion of the swinging leg is most easily

visualized as that of a penduium. Therefore, this analogy is fre-

quently used in the qualitative description of walking.

Notwithstanding the above restrictions, the swinging leg, like

a pendulum, tends to have a natural frequency and a period that is

dependent upon gravity and the length of the leg. Regardless of how

18



fast a man walks, the swinging time of his leg remains essentially

constant. During a fast walk the amplitude increases, but the period

remains the same. As walking speed increases, the time of support

decreases. But, consistent with the definition of walking, the

swinging time of the leg can never exceed the support time (Ref 19:356).

The propulsive force that is necessary to keep this motion

going is introduced by the foot as it pushes backward against the sur-

face just before it deploys into the swing phase. A decelerating force

is introduced when the heel strikes the ground at the end of the swing

to become the new point of support.

Body Axis System. A three-coordinate, right-handed, ortho-

gonal body axis system is defined with its origin at the center of mass

of the standing man (see Fig. 2). In this system, the positive X axis

is directed forward, the positive Y axis is directed toward the left,

and positive Z axis is directed vertically upward. These three axes

are the intersections of the three cardinal planes of the body. The

cardinal transverse plane is a horivontal plane which colntains the

X and Y axes and divides the body into upper and lower halves. The

cardinal frontal plane contains the Y and Z axes and divides the body

fore and aft. The cardinal sagittal plane, which is usually termed

the "plane of progression" in discussions of locomotion, contains the

X and Z axes and divides the body into left and right halves.
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In addition to the body axes and cardinal planes, local axes

and planes that are parallel to the body axes and cardinal planes may

be defined with their origins at any desired body location. Thus, a

"transverse rotation of the ankle" is a rotation of the ankle about the

Z axis of a local coordinate system which has its origin at the ankle

joint. This movement would occur in the local transverse plane of

the ankle.

Forces in Normal Level Walking

Man, in walking, may be considered to be an isolated body

acted upon by the external forces of weight (due to the acceleration of

gravity acting onl the body mass), air resistance, and the reaction

forces of the surface against his feet (see Fig. 3). Internal forces

will not be considered in this analysis except to acknowledge that

they provide for body balance and the changes in position of the limbs

necessary for walking.

External Forces.

Weight. At first glance the weight force, because it

is directed perpendicularly to the line of progression, would seem to

have little effect on normal walking. flowever, further analysis

quickly emphasizes its significance. The force due to gravity applies

uniformly over the human body. This force acts on any segment of
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the body to produce a moment about its respective joint axis of

Mg = m g k cos K (0)

where

Mg is the gravity moment,

g is the local gravity acceleration.,

k is the distance between the segment center of mass and

the respective joint axis, and

a( is the inclination angle of the segment longitudinal axis

measured from the horizontal.

By assuming an inclination of the various segments, or indeed,

of the body as a whole, the weight force becomes a driving force which

tends to accelerate the body in angular rotation. For example, when

the swinging leg is ahead of the stance leg the weight force tends to

rotate the body forward about the point of supl)port, resulting in forward

translation of the body center of mass. The gravity force is also

considered to be the primary force that drives the swinging leg through

its characteristic "pendulum- like" motion. The combination of the

weight force and the forward inclination of the body opposes the

external resistance developed by atmospheric drag on the body. The

resultant of the surface reaction forces during the "push-off" phase

is directed below the center of mass of the body, and tends to rotate
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the body backward. Therefore, the combination of the weight force

and the forward inclination of the body also acts to prevent the trunk

from falling backward when the impetus of the "push-off" leg is

transmitted to the body.

In addition to the above driving and restraining functions, one

must not overlook the fact that the gravitational force "holds" man to

the walking surface. Without the combination of this holding force

and friction, man would be unable to anchor his foot to develop the

propulsive fore-and-aft shear forces.

Atmospheric Drag. All movement through an atmosphere

is opposed by atmospheric drag. l)uring walking, the body opposes this

drag force by assnuming a forward inclination. Uniform progressive

motion, according to Newton's first law, requires no external force.

Many investigators have I)roposed that air resistance is the reason

that rnan rm1ust continually apply impulses at his feet to maintain his

walking velocity. However, consideration of the magnitude of the

drag force does not justify this toncCtlusiOnt.

The atmospheric drag on a mnan walking under sea-level

conditions at a velocity of 5 fps is computed to be 0.71 pounds (see

Appendix A). The forward inclination of the body that is necessary

to balance this drag moment is only 0. 25 degrees. This corresponds
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to a shift of the body center of mass 0. 18 inches forward of the

"no-wind" equilibrium position. It is considered by the author,

therefore, that the role of air resistance at normal walking speeds

has been over-emphasized, and that it is negligible in comparison

to other factors. (In any case, it is below the accuracy of the

proposed force-measuring systems to be used in this study.)

Surface Reaction Forces. The walking surface must

support the man and provide sufficient traction to enable him to

develop a propulsive force. Thus, there is at all times in walking,

a surface reaction force which is equal and opposite to the vector

suin of the forces of weight, air resistance, and the inertial forces

due to the acceleration of the body mass. This surface reaction

force is resolved into a vertical component (Re) that opposes weight

and the up-and-down inertia forces, a lateral shear component (Rj)

that opposes the side-to-side inertia forces, and a fore-and-aft

shear component (R 5 ) that opposes air resistance and the fore-and-

aft inertia forces of the body mass. The vertical component is

defined as positive when it acts in the positive Z direction (upward).

The lateral shear component is defined as positive when it acts in

the Y direction (left). The fore-and-aft shear component is defined

as positive when it acts to prevent the foot from sliding backward,
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i.e. when the shear force tends to accelerate the body in the positive

X direction (forward).

Typical magnitudes of the surface reaction forces during a

complete walking cycle are graphed in Fig. 4 (Ref 6:Fig. 8-33).

These curves represent the forces that act during the "steady state"

portion of the walk. The curves for accelerative walking would

probably have the same shape but different magnitudes. The forces

are plotted on the ordinate as a function of the percentage of cycle as

the abscissa. The cycle may be considered as "normalized" time.

Walking at a step frequency of 95 steps per minute, the full cycle

requires 1.26 seconds of time. The solid lines are drawn for the

right foot, whereas the dotted lines denote the left foot.

The vertical force component has a double-peaked shape because

of the vertical upward and downward accelerations of the body. The

difference between the magnitude of the vertical force and the body

weight is proportional to the vertical acceleration. As the heel

strikes the ground the force riwes quickly to a magnitude equal to or

slightly greater than the body weight. The unlocking of the stance

knee results in the dip in the curve. As the trunk of the body moves

vertically over the stance leg, the knee flexes to prevent the body

from vaulting. At the same time, the hip on the side of the swinging
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leg is lowered. The combination of these events enables the subject

to move forward with a minimum raising of his center of mass, and

therefore requires less work. As the leg prepares for the push-off

phase, the knee again locks. Extension of the knee and ankle at this

point imparts the forward and upward acceleration to the body. This

causes the curve to again exceed the body weight.

The fore-and-aft shear curve has a sinusoidal shape. The

variation in the force is due to the fact that upon heel strike the leg

must first retard the forward motion of the body, and then a fraction

of a second later, must provide the "push -off'' or forward accelera-

tion necessary to continue the motion. The small positive "blip" at

the start of the curve implies that lea r th1e end of the swing the leg

has decelerated to zero and the foot is actually mnoving aft at the

instant of heel str ike.

"T'he lateral shear force is of relativ ely small magnitude but

is important to provide lateral stability in walking. As the body

weight is shifted fromn one leg to tlc other, the lateral force must be

directed inward with respect to the bodly to prevent the subject from

falling sideways. The force is thus positive for the right foot, and

negative for the left foot, respectively, at all times after the foot is

flat on the ground.
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Internal Forces. Although the internal forces of the body need

not be considered in a motion analysis of the body considered as a free

body, some discussion will greatly facilitate the reader's understanding

of the human walk. The propelling forces for walking must be developed

internally. The muscles cannot directly translate the whole body because

they have no point of attachment outside of the body. The muscles do,

however, exert moments about the joints which may act either to pre-

vent or to cause relative rotation betwe en the s egm ents on either side

of the ;,int. Th, ,,-hination of rotations of all the various body seg -

ments produces the net result of forward motion (Rlef I: 3).

Muscle Groups. The iuseIch, s that are of prima ary interest

in the study of walking are those of the lower ext'remity. 'Tlesc

mdlscles have been classified by researchers• at the Ujniversity of CaIli-

fornia into the following eight groups:

1) Pre-Tibial group,
4) Calf group,
3) Quadriceps group,

"4) 1latistrifig group,
5) Abductor 1group,
6) Adductor group,

7) Gleulcus Maxim us group, and
8) Erector Sphinae group.

The anatom ical locations of these mu setle g ro1Ips are shown in Fig. 5

and their rUsp)Vcctivw functions arc scIhematti cally diagramed in Fig. 6

and Fig. 7.
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The phasic action of the eight muscle groups was analyzed

by use of elect romyographic techniques. Electromnyography reveals

the precise phase relationship of muscle action. However, it gives

only suggestive or qualitative info rination concerining the forces

generated within tile muISCles. The a ctjun potentials of the muscles

are pic ked up by skin electrodes, are amiplifie0 d by at inodi tied elect ro -

encephalog raph, and are recorded by anl us cillog rapli. T'hu s, a r ecu ~rd

is Obtainied 8showing WhiiCh MUScSies re alctingp dIuring each phase of

the walking c yclie.

Muscle Functions. I he fuinttionls of IIhe malijor)I muscle

groups Were (lilalitatively dvduCed from11 timC eect romyograp)h tracings

to be:

1) Prc-Tibial Group: The, maximnuml activity ot the pre-tibial

group occurs very shortty Mtter heecl strike wheni Ille mluscles act to

towVer the foot. to the surface wit bout sla ppinlg. Dc spite thimir contract ion

at heel strike, the noiscies are, being lengthenled as they resist thev

mlom cot. calused b~y thbe body weight aceting a bout tileto I,1c ruin a;t thet hleel.

The reitneOf the r-tha groupkll initiateS the d-celer-ationl of thle

1(!g and body foillowing hleel st r i 1. (Tht. cquajdr-iCe)S g rUI upcoipIeJtOe

this deceleration ;ifter the loot is flat onl the surface.) TUhe secondary

funictionl of thle j~e*iilgroup is to dorsiflex thle foot at toe-off to



provide maximum clearance between the toe and the walking surface

during the swing phase. This action also rotates the foot to the optimum

angle for the impending heel strike (Ref 6:3-19).

2) Calf Group: The calf group muscles act only during the

stance phase and perform three functions. First, as the body weight

passes forward of the ankle after mid-stance, the calf group resists

ankle flexion and thereby causes the heel to come off the floor. This

moves the center of pressure of the floor reaction forward from the

ankle to the ball of the foot. The second and most significant function

of the calf group is Io extend the foot during the push-off phase, pro-

pelling first the entire body mass and then later the swinging leg. The

third function of the calf group is to flex the knee of the stance leg to

control the vertical height of the body as it rotates over tile stance

foot (Ref 6:3-23).

3) Quadriceps Group: The quadriceps group acts mainly

during th, stance phase. As the stance foot reaches the foot-flat

position, the quadriceps group takes over control of the deceleration

of the downward movemnent of the center of mass by permitting con-

trolled flexion of the knee. The quadriceps muscles also contribute

to the push-off force. By extension of the knee with the foot fixed,

they accelerate the body in an upward and forward direction. At
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faster walking speeds, the quadriceps act to retard and reverse the

backward oscillation of the leg at the hip, resulting in forward

acceleration of the leg for its swing-through activity (Ref 6:3-U6).

4) Hamstring Group: During normal walking, the hamstring

group acts during the swing phase to terminate the forward velocity

of the swinging leg and to plant the heel to the surface. As the decel-

crative force of heel strike is transmitted up the leg, the hamstrings

act to oppose the gravitational and inertial moments of the upper

torso that arc tending to flex the hip forward. At faster walking

speeds, the hamstrings act during the swing phase to shorten the

swinging leg by knee flexion (Ref 6:3-Z9).

5) Abductor Group: (Abduction is the act of moving an ex-

tremity laterally away from the midline of the body.) The abductor

group acts during the stance phase to prevent the downward list of

the swinging-leg side of the pelvis as the stance leg assumes the full

weight of the body. The abductor group also limits the side-to-side

oscillation of the body center of mass by opposing and limiting

adduction (Ref 6:3- 30).

6) Adductor Group: (Adduction is the act of moving an

extremity laterally toward the midline of the body.) The adductor

group acts primarily during the early stance pl.ase. During the
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period of double support, the combination of the forward leg in the

heel-strike phase and the aft leg in the push-off phase develops a

"1scissors" torque on the pelvis. The adductor muscles resist this

torque and thereby minimize the horizontal rotation of the hips.

During late stance, the adductors rotate the femnur outward (toe out)

in preparation for the swing. Because of their location across the

hip joint, the addUc'tor s aid other mnuscle groups in controlling both

e xtension and flexion of the hip. The adduct or mus-'cs , in conibina -

tion with g rayvitationalI forces, also control inward motion of the leg

and hiip in the f ront al plane (R~ef 6:3 -33).

7) G lute us Mi ximis : Th le g~tiiteiis mla xi mis 8 s a hip extens"r

nui1SlCI thait Ma~y ai(t at. ally tim'l. it is JVede~ t0 reVsiSt lOrward rotationi

of' thev hip. Its prima~ry activity occuirs at heel strike whenl, like thle

ham lstrinlgs, it pre'ven'tS the hips friom rot ating fo rward. It alIso

resists t lie ho r izont a I rotation of thie plev is about the s tai-ce l eg during

the poish-off pha se (H of 0: 1- 19,).

8) Erector' Spiiiae G rouip: 'The erector spinae group acts

th roughout the eiiti ic walkinig e y cie, but its peak activity occurs during

hieel st rike of either foot.. At this tilvi c it reOsistS the gravitational and

inertiial 1110io in t s that tend to rot ate the upper toe so forward about the

pelvis. Ini a ddition, the erector spina e also balane IlicSth upper to rso

oni thle pelvis as the body sways from side to side in the frontal plane
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Displacements During the Walking Cycle

The displacements of the body during the walking cycle are

the result of the complex motion of the parts of the body in three

planes. A complete description of the displacements of the various

segments of the body is beyond the scope of this report. I-lowever,

an examination of the displacement of the body's center of mass will

provide a basis from which to investigate other specific character-

istics of the walking gait.

In level walking, the ('enter of mass of the body describýsi.

a smooth regular sinusoidal curve in the plane of progression. The

curve peaks twitce dohring each cycle as the body passes soccessively

in a double step over first the right leg and then the left. The total

vertical displac rment in adult mnales is about one and eight-tenths

inches; the high points occur at thft middle of the swing phases (Z5 and

75 per cent of cycle) and the low points occur during the periods of

dolhble support (50 and 100 per rent of cycle) (Ref 15:S45).

A person is slightly shorter when he is walking than when he

is standing. That is, if at person were to walk through a tunnel of a

height exactly equal to his standing height, he would not bump his

head because he would have nearly one-lhalf inch of clearance ( Ref

15:545).
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The center of mass is also displaced laterally in the transverse

(horizontal) plane. Relative to the plane of progression, the center

of mass describes a sinusoidal curve, the peaks of which alternately

pass to the left and right in association with the support of the weight-

bearing leg. The magnitude of the displacement in normal level

walking is approximately one and three-quarters inches from peak to

peak.

If the vertical and horizontal displacements of the center of

mass were combined and projected onto the frontal plane, they would

describe an almost perfect figure of eight, occupying approximately a

two-inch square, because the vertical and horizontal deviations are

almost equal (Ref 15:545).
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IV. A Proposal for a Force Measuring Walkway

Introduction

Walking behavior may be studied by the use of either a force

analysis or a motion analysis. Knowledge of the relationship between

the forces acting and the resulting body movements is fundamental

for a general understanding of locomotion. Each may be determined

from the other by analytical methods if it is assumed that the physical

characteristics of the segments of the body such as mass distribution,

length, and the moments of inertia are sufficiently well-known. How-

ever, the labor involved and the inaccuracies due to the assumptions

and excessive calculation usually preclude such a study (Refs Z:32,

3:1Z14). The choice of a particular method is dictated by such

factors as the simplicity of recording, ease of reduction of the data,

and the accuracy of the results.

P revious studies of low-gravity walking have established that

the lower limit of gravity at which man c'an still walk unaided is approxi-

mately two-tenths normal gravity (Ref 10:19). A motion analysis will

confirm the subject's poor performance, but it will fail to explain why

this is so. The acceleration of gravity acts on the body mass to

produce one of the major forces of locomotion. It is only logical, then,
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that an analysis of walking in which gravity is a controlled variable

can be made most directly by use of a force method.

The primary problemn in a force analysis program is to

m-easure the magnitude and direction of the forces between the feet

and the walkway surface. Two methods of instrumentation, force

discs and force plates, have been used before in the analysis of

walking behavior. Forcc discs have several disadvantages. Because

a force disc mea sures pire sburt and not force, the resulting pres sure

muitst. be multiplied b~y the area of the foot inl contact with the walking

surface to obi ii n t he force. Holweveor, the foot. contact a rea is con -

I iniiall y changing dunring the walking phases. The second di sadvanta ge

of, the force. dist- is that. the direction of the resulting force. is kinknowni.

Tlbe norcc plate, inl colltiast, has the a dvantage that the

di roetiouls of the surface r ia ction fo rcuos are mecas ured directly. A

force plate can be used with any type o)f' footwear, and its suirface call

be 'oatetd with at material of any do siredI coefficient of friction.

Structural D~esign

inl a cco rdant-v with these- basic cha ratetrinsties, the principles

of a forc e plate wcre extended inl scale toward the doesign of a force

measuring walkway. The walkway consists of two parallel platforms,

each one foot by twelve feet, that are mounted on cantilever beams
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which are strain gaged to measure independently for each foot the

vertical and fore-and-aft shear surface reaction components of a

walking subject. The length of the platform permits a continuous-

time oscillograph recording of the respective forces during several

consecutive walking steps. A sketch of the proposed walkway is

shown in Fig. 8.

A complete des cript ion of the proposed walkway is beyond

thle scopec of' this chaipt er. -However, certain design fzlctors wereL

deem-ed significant and will be stated to just ify the piropos ed configuira -

tion. The basic requirements of tle lori-e-nieasiiring wah"Way Were

that

It mu11st support the mian at gravity level s bet we en

zero -g and normial gravity.

It mu11st m1easire-C inidepenldenitly for. each foot the twý.o

componlents of" the reoictioin forces inl thev plane, of

progressi10n.

3. It must he of- a Size and weight .omnpa tible withI the

KC-i135 airplane- and the deCsired test ObjeCtiVeS.

B3 y use of stru ctu ra I metals, t he I Vequi -Cern ent fOr- suppor0t WcIs

found to be less stringent than the r equi rem lcotls for rigidity vof thle

overall wa lkwaiy and the S en Sit ivity Of the canlltileverl bealms. 1Thc



1a1

z %J

-IL

W!

WWQi -

K zL

00

D

Ck:

00

U.

4Z



KC-135 floor-to-ceiling height is 78.5 inches. It was necessary to

limit the height of the assembled walkway to approximately six

inches to allow head clearance for the walking subject. To preclude

a "springboard" action of the walk on the subject it was necessary to

limit the maximum mid-span deflection of the walking platform to

less than one-half inch. This deflection was selected arbitrarily

as a gross approximation for the conditions that are stated in

Appendix C, namely, that the subject stands at mid-span and is

supported by only one of the two channels. The deflections and the

natural frequency of the assembled platform should be further

investigated.

The structural components of the forc c-measu ring walkway

consist of two walkway platfornms, eight vertical force cantilever

beam s, two horizontal force cantilever l)bea ms, eight lateral guides,

four end brackets, and two niouniting plates. The more important

design features tof cva h component follow.

Walkway Platfornis. Several construction materials were

considered for the structural nitwnibers of the walkway platforms.

Steel was found to be too heavy, and wood could not support the load

without excessive deflections. It was decided to construct the load-

carrying members of the platform with standard aluminum channels,
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P.
two per platform. Structural properties of 3-inch, 4-inch, and 5-inch

channels in lengths between 8 feet and 15 feet were investigated. It

was determined that a l2-foot length of 4-inch channel would limit the

deflection to 0. 375 inches for the critical condition of a 200-pound

man standing at mid-span of only one beam (see Appendix C for

sample calculations).

Commercially available 3/16-inch-thick aluminum abrasive

tread plate was selected as the top plate, or walkway surface.' The

channels are spaced by i/l6-intch :11uiinuitiu ribs at six-inch intervals

along tile length of the platfora. BL'esides providing torsional rigidity

and spacing, the ribs help support the walkway surnlaice belweten the

channels,

An assembled walkway platform is twhlv c 'cvt long, one foot

wide, and 4-3/16 inc he higlh, and consists of two a hnilinitlill channels,

an abrasive tread p)late, and twtonty-lou ribs. Typc 0061-T6 alun, minunm

was specified for all platform1 componen1ts to pernmit fabrication by

welding.

Cantilever tBeamls. The slrain-gaged cantilever beamls were

designed to conform rto a;t-clp)tCd operating practice. Ahloininnni alloy

is used instead of steel as the sttruclto ral material because it has a

greater stiffness for a given surface strain (Ref 12:Z42). That is, theit
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aluminum bea-r will deflect less for a given load than a steel beam,

provided that both are designed to yield the same maximum stress

due to bending. Grade 75ST aluminum alloy was selected instead of

24ST alloy because its higher yield stress permits higher values

of strain.

It is necessary that the beati-s retain definite end conditions.

Therefore, anti-friction bearings were used at the free ends as an

approximation of the theoretical knife edge (see Fig. 9). The fixed

ends incorporate a drastict change in cross-sectional area between the

point of anchorage and the calibrated portion of the beam to prevent

"cul'rner stresses" front being transinitted to the strain gages.

The bealtl-s Were designed for a strain level of 2000 mic roinc ies

per inch at the strain gage location " for ia ftill-skcale load. in the alumL-

iln-re b)ejLI0s this cor responds it) at stress (due to bending) of 2O, 000

pounds per square inch on the face of the beam at the locations of the

strain gages. This value permits a high sensitivity, yet allows a

sufficient margin of safety 1)etween the working stress and tile yield

stress of the alloy. ' his design condition resulted in a unit strain

(strain per pound of load) of 8.5 microinches per inch for the vertical

force cantilever beams, and a Unit strain of 37.6 microinches per inch

for the horizontal force beams. The deflection of the end of the
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vertical force beam for the critical condition of the subject's weight

being supported by only one beam was computed to be 0.073 inches.

The deflection of the horizontal force beam due to the assumed maxi-

mum load of 50 pounds was 0.045 inches.

The vertical force cantilever beams support the corners of

the walkway platforms and provide the means of sensing the vertical

component of the walking forces. The horizontal force cantilever

beam provides the means of scnsing the fore-and-aft shear component

of the walking force and also restricts the movement of the walkway

platform in the X-direction.

Lateral Guides. The lateral guides restrict the lateral move-

ment of tile walkway platforms and yet permit small movements in the

vertical and fore-and-aft direction, to allow for the minute deflections

of the cantilever beams. This was accomplished by mounting self-

aligning ball bearings in the horizontal plane with their rolling sIrfaces

in contact with the sides of the walkway channels. The self-aligning

bearings roll in the fore-and-aft direction and swivel in the vertical

direction. Thus, the required two degrees of freedom are preserved

with a minimum of friction.

End Brackets. The four end brackets are provided as a safety

measure to prevent lofting of the platforms in case the airplane inad-

vertently enters a zero-g or a slightly negative-g maneuver. The end
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brackets should not contact the walkway platforms during normal

ground tests or during normal flight maneuvers.

Mounting Plates. The two mounting plates function as a base

to which all the other parts of the force-measuring walkway except the

walkway platforms are attached. The mounting plates were designed

to contain all the active components of the system to facilitate quick

assembly of the system in the airpcraft and to increase maintainability.

Should circuit calibration or maintenance be required, it is only

necessary that the mounting plates with their integrally attached com-

ponents, and not the entire walkway syst em, be taken into the shop.

Electrical Instrumentation

The scope of the electrical instrumentation design is limited to

the selection of the strain gages and the basic bridge circuits. The

sensitivity of the circuits was computed as a basis from which to select

the overall system components. The completion of the circuit, including

the selection of the additional components and the mounting and calibra-

tion of the strain gages, is the responsibility of the Data Systems

Division, Directorate of Test Data, Deputy for Flight Test, Wright-

Patterson AFB, Ohio, whose personnel fabricate or approve all instru-

mentation that is placed in the KC-135 aircraft.
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T he electrical instrumentation for the force-measuring

walkway consists of four independent mecasuring circuits; for each

platform there is a vertical force cirCulit and a horizontal force

(fore-and-aft shear) circuit. The outputs of these four circuits

wvill be recorded on four channels of the 48- chalnnel oscillograph

that is permaic.ntitly rnounted inl thle airplane. Becside s recording test

data, the oscillograph is operated du~rinig all flights to record the

accelerations of the aircraft about threve axes.

Vertical Forc e C irc uit. A ye rtical forc c-i-neas iring ci rcuit

uses eight SR -4 straini gages.* Two gages are mounted on each of the

foulr vertical forV ecant ilevVe r b camis; onle gage is mo1(unted Onl thle upper

face, anid the other gage is mounited oni I he lower face. Thel( eight

gages are conneucted to fortni a four-active -a rti, par allel Wheat stone

bridge ci r ciit. TI'hat is, two gages are connected in parallel ini eachI

arm. T his a rratigenletit giv cs Lin out put that is p ropo rtionalI to the

total vertical force oil the p~latforml. regardless of the locationl of thek

force. This8 is shownl iii Fig. 10. A resistanlce. divider is included

in the bridge circuit to balance. the variations inl the notintal gage

resistances and their as socia ted vi rinig.

T he output, voltage of the circunit for a unit vertical load onl the

platform was computed to be (see Appendix C for sample calculatiOn1s)

Eo=90 mi crovolt s per pound.



(TO AAPLIVUit t RE.CoRODK)

VERTMLC.~ FORCES cRculT

WORCLON'TAJ. FORCE C.IRCUT
OUTPUT

(TO REWRDEltl

FIG. 10 STRAIN GAGE CIRCUITS
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This low output will probably require amplification before it can be

recorded.

Horizontal Force Circuit. The horizontal force-measuring

circuit uses four SR-4 strain gages which are connected to form a

four-active-arm Wheatstone bridge circuit. Two of the gages are

mounted side by side on the forward face of the horizontal cantilever

beam, and the other two are mounted on the aft face. It was decided

to mount all four gages on the one beam to increase sensitivity and to

prevent the occurrence of passive, or "dummy" branches.

The output voltage of the horizontal force-measuring circuit

was computed to be

Eo -" 1.58 millivolts per pound.

This output is sufficiently great to permit direct recording.

Data Analysis

The velocity and acceleration of the walking subject may be

obtained from the force-measuring walkway data by the use of Newton's

second law

F = Ma (I)

which, when expressed as the principle of the conservation of linear

momentum, becomes

FAt = M AV (2)
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where

F force, lbf

Me mass, lbf-secZ/ft (slug)

,At :interval of time, sec

AV change in velocity, ft/sec

F At impulse, lbf-sec

The area under the fore-and-aft shear force curve may be

obtained by graphical integration or by the use of planimeter techniques.

The algebraic sum of this area at any time is equal to the net impulse

applied to the walking subject during the same time interval. Therefore,

the velocity of the man at any time may be found by dividing the net

impulse by the mass of the subject (Ref 19:8-17). Differentiation of

the velocity would yield thet acceleration at any desired time. The

ac curacy of the velocity could be checked by performing a concurrent

motion analysis (see Chapter V).

A diagram of the forces which act during one walking cycle is

shown in Fig. 4 (Chapter I11). The cycle was taken from the "steady-

state" portion of the walk. Thus, the net area under the fore-and-aft

shear force curve is zero, which correctly indicates that there was no

change in velocity. No data are available concerning the accelerative

and decelerative portions of the walk, that im, during starting and

stopping.
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Assume that a 161-lb man accelerates to a walking speed of

4 fps during his first step, which takes one second. The area under

the fore-and-aft shear curve, by Eq ?, must be

F Ntt M AV

If. ý4 (2)

S2.0 t•4- 5Cc.

The reverse procedure is used in the reduction of the force-measuring

walkway data.

The magnitude of the fore-and-aft shear force is limited by

the product of the vertical force and the coefficient of friction. That

is

11 (3)

where

coefficient of friction between the man's feet and tle walking
surface

and it is understood that the magnitude of 1v is dependent upon the

gravity level. If the gravity level is reduced, the magnitude of tlhe

vertical reaction force decreases. It is conceivable, then, that at

some level of gravity the product of the vertical reaction force and the

coefficient of friction will be insufficient to allow the ma.n to develop

the magnitude of the fore-and-aft shear force that is neccssary to

achieve his normal acceleration, Mie must therefore accelerate more
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slowly, by applying the available fore-and-aft shear force over a

longer period of time. This is only one of the many possible

mechanisms that may degrade walking performance at low-gravity

levels.

In conclusion, it is restated that the magnitudes of the vertical

force and the fore-and-aft shear force could be recorded as a function

of time by the use of the force-measuring walkway. It is the author's

contention that establishing the relationship between these forces at

various gravity levels is prerequisite to determining the dominant

mochanism in the degradation of low-gravity walking performance.

(The for c ,-nica suring walkway was not completed in time for

use in this Investigation.
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V. Low-GravitylTime-Displacement Walking Experiment

Purpose

The purpose of this experiment was to quantitatively evaluate

the motion parameters of the human gait under partial gravity condi-

tions. It was desired to determine the acceleration and velocity of the

subject as an overall indication of man's capability under reduced-

gravity levels. Other gait parameters, such as the number of steps

per minute, the step length, the swinging time, and the swing-to-

support ratio were desired to permit an objective comparison of the

low-gravity gait with the normal gait. It was hoped that evaluation of

these later parameters would help explain the changes in the velocities

and accelerations, and possibly define some of the capability limits.

Scoape

This experiment was an end-view motion picture analysis of

man walking at various reduced-gravity conditions. In the absence of

the force-measuring platform, no attempt was made to evaluate the

surface reaction forces.
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Procedures and Technique

Aircraft Laboratory. Experiments were conducted in the

C-131 B "weightlessness" airplane. The aircraft may be flown in a

parabolic trajectory to induce any constant vertical acceleration from

zero to 2. 5 g, or may also be flown in a "decay maneuver" to pro-

duce transient accelerations throughout the same range. Each para-

bola provides approximately 15 seconds at the desired gravity

condition.

The cargo compartment of the aircraft provides a working

volume 73 in. high (at the centerline), 96 in. wide (at the floor level),

and 25 ft long. The walls of the cabin are padded to reduce the

impact shock of free-floating subjects. The floor is covered with a

2-in.-thick layer of Ensolite material (a stiff foam rubber also used

on the floor of boxing rings.) Floodlamps are recessed into the walls

to provide uniform illunmination for photography.

Instrumentation. A 20-ft distance scale was fabricated by

taping 0.2-ft-wide strips of dark cloth tape over the white Ensolite

floor. The lateral edges of the tape were cut to form a distinct pattern

to facilitate reduction of the photographic data. This scale, or walk-

way, was canted across the cabin floor at a ZOO angle from the air-

craft centerline to permit better photographic coverage (see Fig. 11).
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FIG. 11 FIXED CAMERA VIEW OF WALKWAY AND SUBJECT B3



Two 16-mm (BIA-type Bell and Hbwell and Bolex) cameras

operating at 32 frames per second were used to photograph all

walking trials, The first camera was hand-held and was used to

record a "close up" view of the positions of the subject's feet upon

the walkway pattern. The other camera was fixed at waist level at

the forward end of the aircraft to provide an overall view of body

posture and motion.

Subjects. The two walking subjects were selected on the basis

of availability. Both were experienced in the aircraft maneuver; the

first subject has flown more than 3,500 trajectories, and the second

subject has flown approximately 500 trajectories. (See Appendix B

for physical data.)

Run Procedures. The subject stood with his toes at the zero

mark of the distance scale during the Z. 5-g entry into the maneuver.

The test monitor signaled the attainment of the desired gravity condi-

tion by dropping his hand. Cameras were started. The subject

walked forward the length of the walkway, pivot turned, and proceeded

aft to the starting position. Subjects were instructed to walk com-

fortably at whatever speed seemed optimal for maintaining body

control at the given gravity condition.

Test Sequence. Twelve runs comprised a test series. Two

runs at 1.0 g were first made while the aircraft was flying straight
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and level. Then, two runs were made successively at the gravity

levels of 0.7 g, 0.4 g, 0. 25 g, 0. 17 g (lunar gravity), and 0. 10 g.

Upon completion, the subject repeated the series in reverse order.

Thus, the subject performed a sequence of runs in both descending

and ascending order of gravity conditions. The first series was

completed July 1. A complete set, which consisted of a descending

and ascending series, was completed by each subject on July 2.

Including reruns of aborted runs, 62 runs were made.

Data

All data was recorded on motion picture film. Film identi-

fication numbers and reduced data are contained in Appendix B.

Data Reduction

Run Selection. Film from the five series was projected to

determine the best runs for data reduction. All film was cataloged,

noting any adverse conditions present that might affect the results.

The best series for each subject was selected on the basis of complete

film coverage and lack of adverse aircraft accelerations. Both

series were run in the ascending order of gravity conditions. Film

from both cameras was again reviewed to select the better run at

each gravity level for each subject. Adverse aircraft acceleration
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and turbulence affected some runs. Contacts by the subject against

the ceiling or walls of the aircraft invalidated other runs. If no

adverse factors were noticed for either run at a given gravity condi-

tion, final selection was dictated by which run had the more complete

coverage of the start, turn, and stop.

Data Log. The selected runs were projected frame by frame

in a 16-mm projector equipped with a frame counter and an optional

manual driving mechanism. Positions of the feet onl the walkway

surface were logged opposite the number of the frame in which the

event occurred. li eel-strike (HS) was defined as the first frame in

which the hecl touched the walkway surface. Toe-off (TO) was defined

as the last frame in which the toWe 1-em1iailLed inL contact with the surface.

The feet-together position (I, I" ) was s el e ectd as the toe position of

the stance foot as the swinging foot comolt~s forward to pass it. Because

of the forward inclination of the walking wan, it is believed that the

feet-together position represents adequately the projection of the body

center of gravity on the walking surface. The feet-together position

is therefore used as the X position of the moving subject.

Calculation of Parameters. it was possible to calculate the

magnitudes of the various motion parameters from the position-versus-

frame number information that was logged for each run. Only basic
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calculation techniques are stated here. Sample calculations may be

found in Appendix B.

Time. At a constant camera speed of 32 frames per

second, the time difference between frames is 0.031Z5 sec. The time

in seconds between successive events is obtained by multiplying the

difference in frames by the factor 0. 03125; i. c.,

t (seconds) = 0.03125 Fr (4)

Velocity. The forward velocity of the body mass can be

obtained either by dividing the distance traveled between two or more

feet-together positions (step relationships) by the time interval, or

else by dividing the distance traveled during one or more strides by

either or both feet by the reslpctiv( time intervals (stride relationships).

B•oth methods have comparable accuracy. However, if only velocity

and acceleration are to be determined, the simplicity of the step method

required far less reduction time.

Acceleration. The forward acceleration of the body

mass c'an thcoretically be derived by differentiating the velocity. It

was thouight that the acceleration could be obtained from the experi-

mental data by dividing the changes in velocity during the first few

steps by the respective time intervals. However, it was found that,

with the exception of the lower gravity levels, the body accelerates
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to walking velocity in the fir st step. Unfortunately, inadequate film

coverage of the first walking step of most runs precluded this calcu-

lation. Therefore, forward acceleration could only be inferred from

the displacement-time graphs.

Step Frequency. As in the case of the velocity calcu-

lations, the step frequency (N, steps/minute) can be derived from

either the step relationships or the stride relationships. The step

frequency was reduced from the step relationships because the method

was more direct.

Step Length. The step length (S) is equal to the dis-

tance betwe••n u•oiscutive feet-together positions. It may also be

obtained by dividing the stride length (Sst) in half, i. e.,

S =Sst
r (5)

Phase Times and Ratios. The relative time spent

during the swing and support phases of a walking cycle can be obtained

only from the stride relationships. The swinging time (tsw) is the

time between toe-off and heel-strike of the samne foot. The support

time (tsup) is the time between heel-strike and toe-off. The time for

one stride or walking cycle (tst) is equal to the sum of the swinging

time and the support time; i. e.,

tst ' tsw 4 tsup (6)
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The ratio of any two phasic activities is obtained by dividing

the time spent in one phase by the time spent in the other phase. The

swing-to-support ratio is a primary parameter for the comparison of

walking gaits.

Results

The magnitudes of the motion parameters that were determined

from the low-gravity walking expe,'iment are illustrated in Figs. 12 to

17. (See Table B-I1 for the tabulated values.) The respective curves

are plotted separately for each subject. It was considered that averaging

the data from only two subjects would only mask the fundamental rela-

tionships.

T'hhe distance versus time relationships at each gravity level

art, shown in Fig. 12 and Fig. 13. The distance traveled while walking

aft was added to the distance traveled while walking forward to present

a continuous curve. (With respect to the body axis system, all walking

was forward.) The first, last, and turning steps at the ends of the

walkway are shown in dashed lines. An ovcrall distance and time

scale was intentionally omnitted because it was necessary to space the

curves to avoid the confusion of overlapping data points.
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Only gross trends may be noticed from the distance versus

time curves. The similarity of the curves tends to mask the changes

in the various motion parameters. The values of the individual motion

parameters may be shown more clearly by plotting them separately

as a function of the gravity level. However, the similarity of the

slopes of the curves indicates that the velocity varied little among the

upper gravity levels. The linearity of the curves after the first step

implies that the walking velocity is attained quickly and remains almost

constant throughout the walk in the given direction. It is only at the

lower gravity levels (as indicated by the slightly increasing slopes of

the curves at the 0. 17 and 0. 10 gravity levels) that man continues to

accelerate after his first walking step.

The step relationships of low-gravity walking are illustrated

in Fig. 14. Both subjects walked with a velocity of 3.8 fps at the

1. 0-g gravity level. Although the velocity was not a controlled variable,

the subjects maintained a velocity within 10 per cent of the normal

value throughout the descending range of gravity conditions to less

than 0.25 g and 0.17 g,respectivcly. Velocity is proportional to the

product of the step length and the step frequency. The factors con-

tributing to the almost constant velocities varied between the subjects.

It can be seen from the step length and the step frequency plots that
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Subject A minimized his velocity decrement by maintaining an almost

constant step length and by increasing his step frequency. Subject B,

however, increased his step length to offset the velocity decrease that

would result from his decreased step frequency.

Although the curves are drawn smooth, the data points at the

lower two gravity levels indicate that a discontinuity exists somewhere

in the region of 0. 2 g. This is most clearly shown on the frequency

plot.

The times required for the respective plhases of the walk are

illustrated in Fig. 15. It may be seen that the support time for each

subje ct remains essentially constant at gravity levels above 0.25 g

although there is a fourteen per cent spread bet ween the rCespective

subjects. The variation in the stride time is chiefly due to the varia-

tion in t1lhe s wig timeW. The influence of this spread is also evident

in the stride Iii-ne curves; however, the slope of the stride time curve

is dominated by the influncnce of thet swinging time.

The most consistent effect of the reduced-gravity conditions

upon the motion l)arameters is evident in the swinging time plot.

Despite fluc tuations in the velocity, step lvlngth, and step frequency,

the swinging time (with only one exception) increased at each successive

reduction of the gravity level. This characteristic demonstrates the

strong inverse dependence of the swinging time on gravity.
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An attempt was made to find a mathematical expression that

would approximate the swinging time curve. It was found that the

swinging time varied inversely as the sixth root of the gravity level

between the gravity levels of 0.2-5 g and 1.0 g, that is,

tsw a taw1.0 gg-l/ 6  (7)

in the range

0.25 -S g t 1.0

The discontinuity and spread of data points below the 0. Z5 g

level degrades the validity of an approximate formula. However, the

function

tew tsw 1 . 0 gg-/ 1 1 5

in the range

0.1 g •-0. 25

has the approximale slope and mnagnitude of the experimnental data. A

graph of these functions is superimposed on the swinging time curves

in Fig. 16.

The phase ratios of the low gravity walk are shown in Fig. 17.

The phase ratios provide a quantitative means of describing the manner

of the gait. Under normal gravity conditions the swing-to-support

ratio for normal walking is usually between 0.5 and 0.8 (Ref 5:7).

The ratio increases with faster walking and approaches unity at the
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point of running. The swing-to-support ratio varied during this

experiment from 0. 65 at normal gravity to 0. 90 at the lower gravity

levels.

Most of the changes in walking motion are accomplished while

both feet are on the surface. As the swing-to-support ratio increases,

the duration of double support decreases and the subject has less

control over his progression. The loss of body control indicated by

the higher swing-to-support ratios at the lower gravity levels is

clearly evident in the film record of the runs.

Based on the swing-to-support ratio, the low-gravity walking

gait could he, desscribed as a •ast walk. But, btcause velocity and step

length do not increase, and the step frequency decreases, the low

gravit, walking gait is •etter d escribed as a "fast walk in slow motion.

Tlhe swing-to- st ridte ratio was computed a;s an invcstigative

paramleter. It is concluded that this parameter presents no informa-

tion that cantot be obtained more directly from the other paramaeters.

"VeC rIc sults of the experiniental program may be su mma riz?,ed

its follows:

1. With the exception of the acceleration, the expterimevntal

m.-!thod was adequate to quantitatively evaluate the motion variables of

man's low gravity walking performance.
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2. Both subjects maintained a velocity within 10 per cent of

their 1.0-g walking velocity (3.8 fps) at gravity levels between 1.0 g

and 0. 25 g or below.

3. The increase in swinging time was the most consistent

effect of the reduction of gravity. The swinging time may be approxi-

mated by the expression

sw tswL. gg-l/ 6taw = a, g(7)

within the range

0.25 -C- g ! 1.0

and

taw tswl. 0 gg-1/5 (8)

in the range

0. 1 • g 0. 25

4. The high value (0. 90) of the •iwing-to- support ratio at the

lower gravity levels indicates the rUduction in control that the subject

has over his motion.

5. The curves of almost all variables plotted as a function of

gravity level exhibit a discontinuity in the vicinity of 0.2 g. This tends

to *ubstartiate earlier observations that the lower gravity limit for

acceptable walking is in this region.

6. Qualitatively, the gait at low gravity levels appears to be

a "fast walk in slow motion."
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VI. Concluding Statements and Recommendations for Future Study

Concluding Statements

T he experimental methods for the study of low-gravity walking

may be divided into two categories according to the basis of the experi,

mental approach:

1. Experimental motion measurement and analysis, and

Z. Experimental force measurement and analysis.

Walking performance characteristics such as velocity, step

length, step frequency, and the phase times and ratios, may be quanti-

tatively determined by a motion analysis. The acceleration of the

subject could probably be determined with only minor improvements

in the test procedure. H owever, motion anwlysis yields little infor-

mation that concerns the reasons for the discontinuity in the walking

performance in the region of 0. Z g.

A force an, 1ysis which includes the measurement of the surface

reaction forc-es is the most direct approach for interpreting the causes

of the degraded walking performance at the lower gravity levels. The

proposed force-measuring walkway was conceived as the best means

of recording these forces.
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A summary of the results of the experimental motion analysis

experiment is contained in Chapter V. The quantitative magnitudes of

the various parameters as a function of gravity level are listed in

Table B-lI and are plotted in Figs. 12 to 17. It must be emphasized

that this experiment was conducted in a "shirtsleeve" environment

by evaluating only a limited number of runs of two unencumbered

subjects during relatively short periods of partial-gravity conditions.

It is believed that the res ul ts acecurately des('ribe the exhibited walking

p.rfurniancc, However, extrapolation of the results heyond the range

of the measured gravity 1evvcs, or to the performance o)' a mran cuCm-

bered by the addition of mass or Ihe restrictions of a pressure suit,

is deenmcd neilihr vitlid nor advisable.

Reconmendations for lFuture Study

It is rVC0-omn ended that this investigation be continued to accom-

plish the following objectives:

1. Quantitatively evaluate the walking pelrformance of a pressure-

suited subject under redu'ced-gravity conditions.

2. Quantitatively evaluate the effect of the addition of mas s to

the walking subject as a function of the gravity level.

3. Evaluate the acceleration capabilities of the walking subject

as a function of gravity level.
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4. Establish •he relationships between the vertical reaction

force and the fore-and-aft shear force as a function of gravity level.

5. Identify and evaluate the cause of the degraded" walking

performance in the region of 0. 2 g.

6. Refine the estimates of the lower limit of gravity at which

man can walk unaided.

7. Evaluate the combination of any of the previous objectives.

Pressure-suited behavior, the effect of the addition of mass,

acceleration capabilitieCs, and estimates of the lower gravity limit may

be determined by the given motion analysis technique. The relation-

ships between the surface reaction forces, and the cause of the

degraded low-gravity walking perfornmance mz-ay only be determined

by use of the forcc-Inea suring walkway or anotho r investigative tech-

nique. A combination of both force and motion techniques would facili-

tate the achieveniont of objectives Z, 3, and 6.
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Appendix A

Calculation of the Atmospheric Drag on a Walking Man

The magnitude of the atmospheric drag on the body may be computed

by the formula

where

D = drag force, lbf

q = atinosphcric density, slug/ft 3

V = velocity of ihe 1,od& throui'h the medium, ft/sec

S = projected frontal area of the body, ft 2

CD = draw coofficient

Thc avora•.o walkinr velocity is 5 ft/soc. mowever, tho Vorward

swilnlingf arn aml :log l41'ill pvogreos at a proxiinately twice ihis velocity.

Thertvfore, since draf, varion as the square of velocity, this effect is

acco-nted for b%. assuirdin L.hat the swinginr' velocity is 10 ft/soc and

the suinrinf, ara is one-third the proejected frontal a•'ea of the entire

body. The projected frontal area of the Air Force mean man is 6 ft 2

(lNf 11:152). 7Fic coeffIc~eiit of' drar, is asxuwo:ic to b( Lhat of a flat

plate lositioned perendicularly to the alrstre:am, i. c., % - 2.0.

Asslnumg sea-level density, tne total atmospheric drag on the b)Ody is

D = (0.002378)(6.0)(2.0) 1 (10)2 2 (5) 2

= 0.71 lbf
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The body assumes a forward inclination to resist the rearward

moment caused by the drag force. For the purpose of this calculationm,

the drag force is assunod to act at the body center of mass. The

magnitude of the forward inclination for a 160-pound man is computed

to be

0 - tan- 1  .•.tan" 1 (0.00446) = 0.250 (A-2)

where e is the change in the angle of inclination measured from the

vertical.

7he vertical position of the center of mass is assumed to be

40 inches above the point of support. The corresponding shift of

the center of mass forward from the "no,-wind" point of support is

X = hO sin 9 (A-3)

40 sin (0.25°)

0.178 in.

It should be noted that the asgwiiod values are grossly

conservative. Therefore, tho author considers that the effect of

drag on the body at normal walking spends is negligible.
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ppendixz B

Uperimental Data

Table B-I

Subjects' ftysical Data

Subject Age Height Weight

(in.) (ib)

A 24 67-1/2 170

B 21 72 173

Data Log, Subject A

The folloing suix runs were performed by Subject A on July 2,

1963, and were selected as the better of the two runs at each gravity

condition. The series (number 3) was conducted in ascending order of

gravity levels. Ilie runs appear in the following order on the respect-

ive films:

Frame No. Run No. Gravity Film No.
Level

6,600 27 0.10 Hand C=era (Roll 2,3,4) w/o 9023(623)
7,:400 29 0.17
8,793 32 0.25
9,831 34 O.40

10,800 36 0.70

0 37 1.00 Hand Camera, 2 Jul 63, w/o 9023(623)
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Run 27, 0.10 g, Subject A, 2 Jul 63, Start Frane 6,600.

Right Foot Left Foot Feet Together Iemarks
,hasel 11rIo. Pase Pr Pos Phasel ITyPos

LTO w"- 0.0
LH]S ... 0.7

RTO -18 0.0

FT 31 1.6
RHS 52 3.8 LTO 60 1.6

FT 72 4.4
uLs 89 6.5

RTO 93 4.2
FT 105 7.2

LTO 125 7.2
RFF 128 N19.3 Alviost floating

FT 140 10.0
WO 155 10.0 uls 155 10.9

FT 166 11.9
MdiS 177 13.3 LTO 177 12.0

FT 186 14.1
LHS 198 15.5 ecelerative HS

H•T0 2o4 Iý,2 LT0 223 16.1 FT 214 16.3
MIS 226 17.5

FT 231 18.2
CG 250 18.5 Last frrame before

minsing frans

1J18 260 15.5
[ITO 259 17.14 P 270 14.6?

IHS 290 12.8 LTO 290 14.6
FT 300 12.0

RTO 310 12.0 IUIS 317 9.5

iTS 335 9.7 FAA forward, hand
contacted floor
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Rin 29 0.17 9 Subject A 2 Jul 63 Start Frame 7,400

Hight left Fot Aet osethr Rma.rks
Phase Fr I Pos Phase Fr poaPhase . Pos

LTO 0- O0
LHS - - 2 .0*r

RTO 0 0.0 1-1I"

FT 8 2.0
RHS 25 4.0

LTO 27 2.1
FT 39 4.5

iuis 53 6.2
PTO 57 4.6 FT 69 7.1
MHS 87 9.3

LTO 89 7.3
FT 100 10.0

LUS 114 11.9
RTO 116 10.1

FT 128 12.8RMs 14o lb.4
LTO 140 12.9

FT 151 15.3
LIS 163 16.1

WTO 164 15.3
FT 173 17.0

iniý-185 18.3 00 185 17.5
Fra-ms missing

FT 187 i'.8

RTO 201; 16.8 LIIS 205 15.1
FT 215 14.2

~l{S 226 12.0
LTO 227 14.1

FT 241 10.8
LIS 255 8.8

RTO 256 10.9
1T 271 7.9

JIS 283 5.6
LTO 287 7.9

FT 300 4.6

RTO 316 4.6
FT 329 1.9

WHS 343 0.4
LTO 3il, 2.0 FT 359 -0.4
LJT0b378 -0.2

CG 378 -0.6
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an, 32 0.25 g Subject A 2 Jul 63 Start Frame 8,793

Right Foot Left Foot Feet Togther Remarks
ase oe ase Fr Pos ase Po°°J

FT 0 -1.2
RHS 10 0 L

LTO 19 -1.2
FT 30 0.8

LHS 43 2.6
RTo 48 0.8

FT 57 3.6
MHS 70 5.6

LTO 71 3.6
FT 84 6.0

LHB 98 8.4
RTO 99 6.0

FT 1Ui 9.1
RHs 126 11.1

LTO 128 9.1
FT 139 12.0

L'IS 152 13.8RT0•~155 12.0
FT 165 14.6

IUISI 178 16.6
LTO 181 1it.6

FT 193 17.5
IIS,208 19.2

RTO 210 17.6 Right foot pivot
-O 223 18.4

11FF -- 1.
LTO 236 19.1 FT 243 17.8
L!IS 263 16.5

RTO 266 17.8
FT 275 15.7

MIS 286 13.8
3TO 288 15.7

FT 298 12.8
LIIS 309 10.9

RTO 311 12.9
FT 322 10.1

WHS 335 7.7
LTO 335 10.1

FT 346 7.0
LHS 355 5.6

RTO 359 6.9
FT 366 4.8

RIS 378 3.4 1 1 -1
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fm 32,, ootinued

Right Foot Left Foot Feet Together Ibmarks
Phase Fr IPFo has -r I Por Phasý Fr Poe,

LTO 379 4.8

FT 384 2.9LHS 395 1.5
RT0 398 2.8

FT 406 0.5
RHSO 413 -0.3

LTO )a6 o.5
FT 424 -1.0

WFF 432 -1.4

_OG 460 -0.5

Ron 34 0.40 g Subject A 2 Jul 63 Start Frame 9,831

ht Foot left Foot Feet Together Remarks
Phase Fr I Porn ý_ Pos aBC Ph

LTO ---.----
LHS 8 1.3

RTO 11 0.0
FT 21 2.1

POS 31 4.0
LTO 35 2.3

FT l4i4 4.6
ULiS 55 6.6

RTO 58 14.7
FT 68 7.3

MIS 79 9.2
LTO 82 7.4

FT 92 9.8
LHS 104 11.7

RTO 107 9.8
FT fl7 12.4

MHS 128 314.0
LTO 131 12.5

FT 140 14.9
LHS 152 16.4

RTO 156 15.0
FT 167 17.2

1•.• d d175 _18.2 - 1 1
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rTn 34, centinued

Right Foot Left Foot Feet Toether Remarks
Fh 1e PrI os Phasel Pr IPoa Phse jFr Poe __________

LTO 180 17.3
FT 191 19.1

LFF- 195 19.4
Co 200 19.1

RTO - iS
LTO 215 19.2

FT 219 18.3
LI!S 232 17.2

RTO 237 18.3
FT 245 16.2

MS 254 14.6
LTO 257 16.2

FT 266 13.6
LUS 277 12.0

HTO 279 13.7
FT 289 10.9

MIS 300 9.2
LTO 301 11.0

FT 312 8.1
WHS 321 6.6

RTO 325 8.2
FT 335 5.7

RHS 344 4.0
LTO 346 5.6

FT 356 2.9
LHS 366 1.2

RTO 370 2.9
FT 380 0.5

RHS 390 -o.4
LTO 390 0.4

CG 399 -1.0
FT 399 -1.2

LiS 407 -1.8
RTO 411 ---

C 1420 -1.5
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Fin 36 0.70 g 3ubject A 2 Jul 63 Start Frame 10,800

Right Foot Left Foot Feet Together Remarks
Phaseisel F ° Ps FrI Fr IJos

LTO 0 0.0
LHS 8 1.9

RTO 15 0.0
FT 23 2.7RHS 33 h.5

LTO 36 2.7
FT 45 5.3

LHS 57 7.5
RTO 59 5.3

FT 68 8.1
RUS 79 102

LTO 81 8.2
FT 89 11.0

LHS 99 13.1
RTO 103 11.1

FT 112 13.9
RHS 123 16.1

LTO 125 1U.0
FT 135 16.9

LHSo1l49 19.O
RTO 151 16.9
iF% 166 19.O CG 167 19.0

LTO-172 19.4
FTO 177 18.1

LIIS 191 16.5
nITO 194 18.1

FT 203 15.6
JIS 214 13.8

LTO 217 15.6
FT 224 12.9

LHS 236 11.0
XrO 238 12.9

FT 246 1O.1
MS 257 6.2

LTO 258 10.1
FT 267 7.2

LUS 277 5.2
RTO 2(9 7.3

FT 289 4.4
RHS 298 2.4

LTO 302 4.4
FT 310 1.5

LHS 320 -0.3
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Ran 36, conti-med

tFoot Ift Foot Feet Together Remarks
Maw ~ ~ ~ s I PrP11 Mi-Fr Fose hs f o

RTO0324 1.6
MFT& 340 -0.9

__________ ___________ 00 344__-1.2 ________

MM 37 1.00 g Subject A 2 Jul 63 Start Frame 0

ight Foot Left Foot _ Feet Toether RemarksPhase1l~s- Frrsh1 • •asel Fri] pos

LTO .....
LFF --- 1.6

RTO 23 0.0 TI' 32 2.11
RHS 43 4.5

LTO 47 2.4
FT 56 5.2

LHS 67 7.2
RTO 72 5.2

FT 81 8.0
HIIS 90 9.9

LTO 95 8.0 FT
FT 104 10.6

LHs 114 12.6
RTO 119 10.6

FT 127 13.3
RHS 136 17.1

LTO 14.1 13.4
FT 151 16.0

UIS 159 17.1
RTO 166 16.0

FT 174 18.0
RHS- 181 18.9 LTOs188 18.0

LFF\205 20.0
CCI 210 19.5

Frar• s missing
RTO- RHS-LTO-LHS

RHS --- 18.0
LTO --- 19.5

FT 216 17.0
LS 226 15.590
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R=n 37, continued

iLeht Foot Left Foot Feet Together Hamarke
PhslPrjo Phasel FT' I Pos Piaso Pr Poe _______

RTO 231 17.0
FT 24o 14.5

RHS 251 12.9
LTO 255 I1.5

FT 263 12.0
LHS 272 10.2

RTO 278 12.0
FT 286 9.4

RMS 294 7,6
LTO 299 9.3

FT 307 6.7
LHS 317 5.1

RTO 322 6.7
FT 330 4.1

RHS 339 2.5
LTO 34) 4.3

FT 352 1.6
LHS 360 0.8

RTO 367 1.6
FT 378 -0.2

RHS,- 379 -o.4
LTO 384 -0.3

CGA392 -1.0 Last frame
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Data Log, Subject B

The followin six runs were performed by Subject B on July 2,

1963, and were selected as the better of the two runs at each gravity

condition. The series (number 5) was conducted in ascendinr, order of

gravity levels. The runs appear in the folloving order on the films

Frame No. Run No. Gravity Film 140.
Level

8,300 56 0.25 g Hand Camera, 2 Jul 63, w/o 9023(623)
8,800 57 0.bOg g "

10,650 60 0.70 g " "
11,394 62 1.00 g C "
13,792 52 0.10 g
14,521 53 0.17 g "
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Run 52 0.10 g Subject B 2 Jul 63 Start Frame 13,792

l4tFoot left Foot Feet To ether Remarks
Rae I pr7Is jase F I PoP hsee Fr I Poe

LTO---------
LHS 18 1.1

RTO 31 0.0 FT U4 2.1
RMs 55 2.9

LTO 72 2.2 FT 85 4.5
LHs 110 5.8

RTO 113 4.3 FT 121i 6.6

MS 139 7.5 LTO U46 6.6 FT 152 8.3
LBS 170 9.3

RTO 174 8.2 FT 145 10.2
LTO 2o6 10.3

MIS 208 11.6
FT 222 1(2.6

LBS 234 13.7
RTO 239 12.6

FT 250 14.6
•as 260 i5.h

LT0 261k 14&.7 FT 273 16.4
ULS 288 19.5

RTO 295 ----
RTSt 314 18.3 CO 314 19.3

CO 32h 19.2
LTO 133h 19.3 FT 337 18.4

LHS4 349 17.2RTO 352 18.3
FT 360 16.1

1111S 373 13.8
LTO 377 16.0 FT 390 12.8

LITS 107 10.1

RTO h06 12.8 FT 420 9.0

RHs 433 6.6 LTo 43 5 8.9

FT 448 5.6

nTO 466 5.6
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Run 52, oontinued

"ht Foot Left Foot Feet Together Remarks

Li 468 2.9 FT 1483 1.8

RHS 496 0.5

LTO 499 1.8
FT 516 -0.5

CO 583 -0.6 Pivot stope _

Run 53 0.17 g Subject B 2 Jul 63 Start Frame 14,521

Right Foot Left Foot Feet Together RemarksP~has[,rIoasel Fr [Pos PhaseIr Ir Pos

RHO 2 -1.0
RTO 5 0.O
W•S 33 1.7

LTO 42 0.0
FT 50 2.14

L1 S 69 h.0
'ITO 75 2.14 FT 88 5.4

Fais lo5 7.6
LTO 1O6 5.5

FT 1.8 8.3
RTO 135 8.7

LHS 136 u..4
FT 150 12.2

rutS 166 15.2 LTO 166 12.2
FT 180 16.2

LHS 200 19.2
RTO 202 16.6 Slipping

IS --- CG 235 19.2
11TOi 235 18.0
RTS 248 17.8

LTO 252 19.2
FT 258 17.8

LHS 269 16.0
RTO 273 17.8 FT 284 14.9

RHS 301 12.6
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Run 53, continued

Right Foot Left Foot Feet Together RemarksWase • •a° •Poe Pasel FrI Poe

LTO 303 15.0
FT 316 ii.o

LHS 331 9.2
RTO 331 11.5

FT 344 8.1
RHS 354 5.7

LTO 356 8.1 FT 367 h.6
LHS 382 2.0

RTO 385 4 .5
FT 397 2.0

Rs5 411 -o.4
LTO --- 0.8

FT9426 -i.o
LHS•ts54 0.0 Hand contact durlin

turn-around

Run 56 0.25 g Subject B 2 Juil 63 Start Frame 8,300

Right Foot Left Foot Feet Togethor Remarks

UIS 19 1.7
RTO 2h 0.0

FT 35 2.6
MIS h48 h.6

LTO 53 2.6
FT 61 5.6

LTIS 77 8.1
RTO 81 5.6

FT 89 8.9H•s lOl 11.A
LTO 103 9.1

FT 112 12.4
LHS-125 1h.8

RTO 127 12.4
FT 139 15.8

TutSd151 17.6
LTO 153 15.8

FT 163 18.5
R --- 18.1 Right foot pivot
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Run 56, continued

Iht Foot Left Foot Feet Together Remarks
as ___fh~l~ Poe Phase I ný Pos_________

LTD 202 20.0
FT 210 18.1

LHS 226 16.8
%TO 230 18.1

FT 239 15.8M 251 14.2
LTO 257 15.9

FT 265 13.2
LUIS 279 11.0

RTO 282 13.2
FT 292 9.9

RHS 303 7.6
LTO 306 i0.0

FT 316 6.6
LHS 330 4.1

W•rO 333 6.6
FT 344 3.2

fHS 355 1.2
LTO 358 3.3

FT 370 0.3

CM h13 -0.6 llanms on back wall
- both feet pivoting

Rbn 57 0.40 g Subject 13 2 Jul 63 Start Frae 8,800

Rir'ht Foot Loft Foot Feet Together_ Remarks

U110 2 0.0
LTO 6 0.0
LTS 20 1.7

RTO 26 0.0
FT 36 2.5

MIS h6 4.5
LTO 51 2.3

FT 60 5.3
LIS 72 7.81,:TO 75 5.14

FT 86 6.8

3 1o0 11A96
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Run 57, continued

R.ht Foot Left Foot Feet Together Remarks
•ass a Fr ýPo -- .. __P___________

LTO 102 8.9
FT 112 12.1

LHs 126 1.4
RTO 128 12.2

FT 139 15.h
lHs 151 17.6

LTO 155 15.4
FT 165 18.5

LHS-173 
19.8

RTO0178 18.2 O 202 19.5 Right foot pivoting
LTO 204 19.6

FT 211 18.5

LHS 224 17.8

TZTO 234 18.5
FT 240 16.2

MHS 1b.0 Frame blurred
LTO 255 16.2

FT 265 13.0
LHS 277 10.6

HTO 280 13.0
FT 290 9.6

"TIS 301 7.6
LTO 303 9.7

FT 313 6.11
LIU3 326 h.h

RTO 330 6.4
FT 340 3.4

RIHS 31t0 1.9
LTO 353 3.4

FT 363 0.8
LI!S-375 -1.0

HTO )376 0.8
RTS ý 398 0.0

CW 4Uio -0.6
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Run 60 0.70 g Subject B 2 Jul 63 Start Frame 10,650

Light Foot Left Foot Feet Together Remarks
PhslF Pos Pi~hse rPos Phs r os

LTO 0 0.0 First steps fuzzy,
LH3 12 1.8 Camera not focused

RTO 18 0.0
FT 27 2.6

RES 39 h.6
LTO [2 2.6

FT 51 5.0
ia~s 65 7.h

RTO 68 5.16

FT 76 8.1
RHS 87 10.3

LTO 91 8.2

FT 99 11.2
LBS 109 13.2

RTO 115 11.2
FT 124 14.1

ms 1314 15.8
LTO 1hO 14.1

FT 148 16.7
LBSI 16o 18.4

RT0•t165S
RFF4--- 18.3 Co 188 18.9

LTO-191 18.9
LlIS t 213 17.7

TO 218 1.3 FT 226 15.6
PJ{S 233 14.0

LTO 239 15.6
FT 2147 13.0

LUS 258 IO.8
RTO 262 13.0

FT 271 9.8
RES 281 8.0

LTO 2 84 9.8 FT 293 7.0
LHS 304 5.0

WO 3o8 6.9 FT 317 3.8

RHS 328 2.4 LTO 332 3.9 T

LTT 341 1.4
LHS, 351 0.0

RTOW357 --- CG 393 -0.8 Rilht Foot livot
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Rm 62 1.00 g Subject B 2 Jul 63 Start Frame 11,394

Right Foot IAft Foot Feet her emarks
a' PhIj j Fr Pos

LTO 5 0.0
LHS 18 1.9

RTO 24 0.0o

FT 33 2.8
RHS 41 4.8

LTO 46 2.8
FT 53 5.7

LHS 65 7.6
RTO 69 5.6

FT 78 8.3
RHS 86 10.2

LTO 91 9.h
FT 99 11.0

213 lo8 12.9
RTO -113 11.1

FT 122 13.7

WITS 131 15.6

LTO 137 13.8
FT 145 16.5

Uls W153 18.6
RTO 160 16.6
RFF%,172 17.8 cO 177 18.6

LTO-186 19.2
FT 191 17.8

LHS 205 17.1
iTO 212 17.9

FT 219 16.0
MITS 232 14.5

LTO 235 16.0 FT 24h 13.5

12S 254 11.9
tHTO 258 13.5

FT 266 10.8

MIlS 274 9.3
LTO 279 10.8

FT 287 8.3
LHS 295 6.5

RTO 300 8.3
FT 309 5.5

MITS 318 3.9
LTO 323 5.h

FT 331 2.9
LHS 340 2.0
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Run 62, continued

Right Foct-- Left Foot Feet Together Pemarks
aý se Fi PoB Phase Fr7_ Poe PhaseF o

RTO 347 2.8
FT 354 1.0

rMS /36h ---

LTO 367 0.8
LFF -387 -1.3

RTO- 390 -0.6
RFF t 412 0.0

CO h17 -o0,7
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Sample Caloulatiozi

The folleving sample calculations are illustrated for Ran 37,

Subject A, at the 1.0-g gravity level.

The velocity, length of step, and step frequency are determined

from the step (feet-togsther) relationships. The first and last steps

in each direction are disregarded because of acceleration and decelera-

tion. The computed values are thus the average values for the "steady

state" portion of the walk.

Walking foiward, the subject in five steps traveled from 2.4 ft

at frame number 32 to 16.0 ft at frnoe number 151. The distance

traveled is given by the equation

d = d2 - dl (B-l)

dfwd = 16.0 - 2.4

a 13.6 ft

At a camera spoed of 32 frames per second the frame numbers may be

converted into time by the equation

t c 0.03125 Fr (B-2)

The tbne for the five steps is therefore

t 0.03125 (Fr2 - Frl) (B-3)

tfwd 0.03125 (151 - 32)

3.72 sec

Te velocity is determined from the equation

101



-I

13.6
Vfwd =

= 3.66 ft/see

The step length is obtained by dividing the distance traveled by the

number of steps

pi (B-5)

13.6
Sfwd 75

- 2.72 ft

The step frequency is equal to the number of steps divided by the

difference in timei. For comparison with published values the frequency

is converted from steps per second to steps per minute.

N f numborto steps x 60 (B-6)

"Nfwd =

= 80.6 stops/min

Walking aft, the subject in five steps traveled from 17.0 ft at

frame number 216 to h.1 ft at frame numbor 330. The values of the

parwnoterui for the aft walk are thorhf ore

taft = 0.03125 (330 - 216)

- 3.56 sec

daft 17.0 - h.I

13.9 ft

102



raft

3.90 ft/sec

= 13.9

= 2.78 ft

= 84.2 steps/min

The average value of a parameter at the gravity level is equal

to one-half the sun of the respective forward and aft values, i.e.,

v V-wd +Vaft (B-7)
2

3.66 + 3.90
2

= 3.78 ft/sec

Sfwd + Saft (B-8).- 2••
2

2.72 + 2.78
2

2.75 ft

N - Nfwd Naft (-9)
2

- 80.6 + 84.2
2

- 82.h steps/min
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The phase times and ratios are obtained from the stride relation-

ships. The strides were selected from heel-strike to heel-strike.

The subject completed two full strides by each foot in both the forward

and aft directions.

For this run, the events of the first full stride of the ripht

foot were recorded as

Phase Frane

RIIS 0~
RTO 72
•1IS 90

The total number of frames for this stride is

Frst FriS 2  - FrnSI1  (B-10)

90 - 43

4 L7

The ntutber of framnes; durinfg the owing is

Fr., M F S2 - Fr to (T-l )

W 90- 72

U 18

The number of frames (luring the support phase is

Frsup =Frst - Frsw (B-12)

- 47 - 18

= 29

The s:ufe calculations were perforned for the other seven strides.

The results are compiled in tabular form:
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Right Leg Left Leg

Forward Art Forward Aft Sum

Stride Number 1 2 3 4 5 6 7 8 8

Stride Frames 47 47 47 44 h8 h6 44 45 368
Swing Frares 18 17 20 16 20 19 17 18 145
Support Frames 29 30 27 28 28 27 27 27 223

The average swing time is

tsw (0.03125) X swing frames
number of strides (B-13)

0.566 sec

The average stride time is

tst t0.03125) E.stride frames (B-14)
nimnber of strides

(0.03125) 368
8

1.4i37 sec

The average suponrt time is

tsup (0.03125) Isupoort frawns (-15)
niiusbor of strides

(0.031-25) 223
8

S0.871 sec
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The uwing-to-aupDort ratio iB

tw
swing-to-supt-ort ratio (-6

tsup

0.566

0.871
-o.650
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Table B-11

sumary of Feduced Data

Gravity Vel. Step Step Swini, Support Stride Swing Swing
Level Length Freq. Time Time Tim to to

Stride Slpuor
Ratio Ratio

V S N tw Vtsup t 3 t taw taw

(steps/ 
t sup

(g) (ft/sec (ft) min) (see) (see) (sec) (,) (•)

Subject A

1.0 3.78 2.75 82.4 0.566 0.871 1,437 39.4 65.0

0,7 4.14 2.63 87.7 0.608 0.767 1.376 44.2 79.1

0.4 3.64 2.63 83.7 0.642 0.775 1.417 45.3 83.0

0.25 3.52 2.70 79.7 0.720 0.795 1.515 47.4 90.4

0.17 3.17 2.82 67.4 0.826 0.924 1.750 47.2 89.5

0.10 2.69 2.55 63.2 0.813 0.956 1.769 45.9 84.0

Subject B

1.0 3.83 2.68 85.7 0.5ý1 0.853 1.404 39.3 65.6

0.7 3.89 2.83 81.4 0.601 0.886 1.487 40.11 67.8

0.4 4.oc 1.19 76.2 0.691 0.875 1.568 11,1.1 79.0

0.25 3.88 3.14 74.2 0.695 0.895 1.590 43.7 77.8

0.17 3.57 3,31 Q;,2 0.880 0.978 1.859 47.4 90.0

0.10 2.69 2,67 60.0 0.906 1.016 1.922 47.1 8w.l
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Appendix C

Sample Calculations in the Design

of the Force-Measuring Walkway

Structural Design

Walkway Platform. The design condition for each walkway platform

was that of a 200-lb man standing at mid-span of only one of the alum-

inum channels. In addition to the man's weight, one-half the weight of

the platform was assuuied to be uniformly distributed along its length.

The deflection of a simnly supportod beam with a concentrated load

applied at the center, as determined by the Engineering Theory of Bending,

is !given by the expression

4-1 (0)

where

Sp -maximum deflection, in.

P concentrated loadi, lb

L length of the beam, in.

E modulus of elasticity, lb/in2

I moment of inertia of the cross-sectional area, in4

The moment of inertia for a standard 4 x 1.580 x O.1BO in. channel

is 3.83 in:4 (ef h:1-196). The moctulus of elasticity for aluminum is

10 x 106 lb/in2 . For the given conditions, the deflection of the 12-ft

beam due to the concentrated load at mid-span is determined to be
EP --- 0 (14-

S0 .32-4 in.

10)



The mid-span deflection of a uniformly loaded, simply supported

beam is given by the expression:

W5 WL (-2)

384- El .
where

W - wL, lb

in which

w - uniform load per unit of length, lb/in.

The mid-span deflection due to a uniformly distributed load of 50 lb

(one-half the assumed platform weiipht) is

- o 380 0( x lOW 3.as

0.051 in.

By superposition, the total mid-span deflection of the beam is

C -- -t ( S ( .-.3 )

- 0.32.4 *- 0.05%

- .3"15 'n.

Vertical Force Beam. Tho maximumr allowaole strain A thir,h train

pa!ýe loc-Aion is 0.002 in/in, for the maximnum load condition. The end

load is 275 lb. The distance between the point of application of the

load and the strain pagca location is 6 in.

TPic strain at the C arc location may be computed by use of the

formula

6 (C-h)
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where

C . strain, in/in.

M = bending moment, lb-in.

E = modulus of elasticity, lb/in2

I = moment of inertia, in4

y = distance from the neutral ax s to the face of the
beam, in.

For a beam of rectangular cross section, the moment of inertia is

YL - (0-5)

where

b beam width, in.

h beam heirht, in.

and

a (0-6)

The moitiont is

S= P(C-7)

The bending strain at the extreno fibers of a cantilever beam of

rectan1nilar cross section nay thus be expres:ed as

GPL (0-0)
E" b ýN-

The strain at the strain gage location for the selected 0.75 x

0.75 in. beam is therefore

F o ,,(? (.•s),.75)
(to

0 . O Yl_ /



The unit strain caused by a one-pound load may be c ')eputed by

use of Eq 0-8

E b h"•t0-8)

However, it is more simply determined by dividirng the total strain

by the maximum load, that is

Pe-(0-9)

P

where f0 is the unit strain, inches nor inch per pound

7he unit strain for the vortical force beam is therefore

@-o=0. 00 I2_

= .5 O-

S B.5 rncroinches per ln6 pjew poonc

The deflection of :in end-loaded cantilever beami is rivon by the

expression
S PL 3 (C-10)

3 E-1

which, for a beam of rectantgular cross section, becomnes

5 4 PLO C-11)
F_ b WL

One inch, the distance between the strain gage and thn chanme iin cross-

sectional area of the beam, is added to thu beam lcng~th for the r.urnose

of computing deflections} that is, L 7 in. The deflection of the

vertical force beam is therefore
Cs= ___________7__

0.073 i.
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Horizontal Force Bean. The design condition for the horizontal

force beam is an end load of 50 lb. The distance between the point of

ap lication of the load and the location of the strain gage is 5 in.

The dimensions of the selected boam are b e 0.50 in., and h = 0.40 in.

'ho strain at the location of the strain gago is coputcd by the use

of &q 0-3

•- (0-8)

11. use of �q 0-9 the unit strain in the horizontal force boam is

P s
or

37.6 microinches per inch per pound

To-, deaU:Rn lon*Vth used tjo copute defloctions is 5.625 in. The

doflecbio' is comipsted hI usn of iýq C-11

4- ? (0-11)

' leflolection of thu horizontal force beam is therefore

: O.0oI5 in.
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Strain Gage Thatrumentation

The gage factor of a strain gage is the dimensionless ratio of the

change in gage resistance to the change in strain, and may be expressed

mathematically as (Rof 12,1 8 )

.AR, /

where

F * gage factor

R = nominal gage resistance, ohm

SR - change in resistance, ohm

e . strain, in./in.

The voltare outiut of an unbalanced bridge circuit is given by

the expression (Ref 12 t61)
Co -: R€ , ,.• _ A . /- R,_A ' (C-13)

4,¢-VR' ( ', R,. R--3 R4
whore

So = output voltago, v

E = applied voltare, v

I = nominal gage resistance, ohm

a R . change in resistance of any leg of the bridge circuit,"•ohm/ohm

R0 = aalvaniometor resistance, ohm

Vertical Force Circuit. The vertical force circuit consists of

eight 350-ohn gýa-,es mounted two each on the four vertical force canti-

lever beams. The eight gares are connected to form a !arailel bridge
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circuit with four active arms. Each arm has two gages connected in

parallel.

Placing a unit strain on one beam, for example beam A$, will

cause a change in resistance of gages I and 2 of

'h5 - -- - (0-Th)

Son Fir. 10 for rage rnumbers and locations.

The change in resistance of a leo containing n gages in parallel is

RMW

where

6"K -- chanre in resistaunce of one log

__ = ch ingo in resistance of any one gage
RA!

Terefore, ti.e roepective resistance changcs in logs I aid II are

_ =_ 8.9 - I Ra, , E___. (0-16)R•r RX 7- R, 7-

'Ohe out,,ut of tivh" t)arallcl hridrfe circuit for a unit str'ain in only

on(e bo a;n ,i hereforo beoco;ies

_ E R e< (0-17)

4- ( R -v c,

'Tc inu,•t voltaf-C is liJlitd b.1 the ;Illowable current at ,qy' strain

rai-e. To ur"výwnt ovurrhoatint', tne current at any gage is lAimited to

30 ma. The current at rage 1 of the parallel bridge circuit is equal to

one-half the current floiinfr in le, I. 'Therefore, the allowable current

in l•g I is equal to twice the allowable current in fagc 1, or 60 ma.
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The allow'able voltare across the parallel bridge circuit is therefore

o.60 (175 + 175)

= 21 volts

Thu galvanometer resistance is usually selected to b)L much greater

than the nominal gage resistance, that is

t > (-19)

which reduces Eq 0-17 to the az proxiiniate form

E~O "-- E0 (0-20)

4-

kvssum:inr a Fare factor of 2.0, anId the unit strain of onc vertical

force beam equal to 8.6 x 10-0 in./in., the output of the vertical force

circuit for a unit load applied to onl[y one bean is couriputud by Ilsc of

Eq 0-20 to be

____ (C,20)
4-

21 (2.0,i (6.6 x 10-6o
-IL

90 x 10-6 v

90 microvolts per pound of load

If the unit load is distributed equally or p:artially among the

other baun:- ..nd the respective valuec are substititted into Eq 0-13,

the ssaio output will result. Thus, the output is independent of

which beams in the circuit support the load. The enuation

E - E& (0-20)
4-



therefore ap,'lies, and Eocan be considered to be the unit strain

ap:lied to the walkway nlatform, regardless of its distribution.

Horizontal Force Circuit. The horizontal force measuring circuit

for each ,ltforn consists of four 350-ohm strain gages mounted on the

horizontal force cwntilever beams as sham in Fig. 10. Any stra:i in

the cantilover -ill activate all four b'idge arns simultaneously. The

Output of the circuit is given by the equation

which, by substLtution of th• basic asuumptions stated for the vertical

force circuit, becomes

XE0 -- • - (0-22)

For 0,!ual pare resistances, the swne volta!,c may be applied to a

p.I1"f'llol bridge circuiit roardlos:) of the Rivuber of gapcs in pvallol
. i e ch U jj,

fllo' vi i, ,Ito':jijj of Lh.' ho'i-,ointal ('orce bo.i's wa:u determizied to be

37.(, x lO"' in./in. 11,w corresonain:" output of the horizontal force

11 0•ri,' ci rcui t for a unit 1oad is cco: uted by use or Eq 0-22 to be

E E ir r_ (0-22)

21 k2.0) 137.6 x 10"6

=1;80 x 10"6 v

= 1.58 m.ill.ivolts pur pound of load

1.1.':


